The traditional Canny edge detector has some drawbacks. Gaussian 
Introduction
Image edge is a pixel where the image intensity rapidly changes caused by geometry, illumination and reflectance. Edge detection is the fundamental part of image processing, computer vision and pattern recognition, which is widely used in image segmentation [1, 2] , motion detection [3] , face recognition [4, 5] and target track [6] . Many methods have been proposed, Sobel operator [7] , Roberts operator [8] and Prewitt operator [9] are well-known first-order derivative operators, which extract edges from gradient. Second-order derivative operators mainly include LOG operator [10] . However, these methods are sensitive to noise. Canny [11] proposed an edge detector based on three evaluation criteria, it uses Gaussian filter to suppress noise. Shen and Castan [12] presented an optimal filter to smooth noise. Recently, lifting wavelet based edge detection algorithm [13] is presented, but this algorithm is suitable for detecting the edges of NaXi pictographs. PCA based edge detection method [14] is proposed. The Canny detector is widely considered to be one of the successful methods, but Gaussian filter can't remove the impulsive noise, it is difficult to set the proper dual-threshold which are used for extracting the edges. This paper proposes an adaptive Canny edge detector using histogram concavity analysis. It uses switching median filter [15] to remove impulsive noise before Gaussian filtering, and determines the dual-threshold through gradient magnitude histogram concavity analysis [16] .
The remainder of the paper is organized as follows: In Section 2, we briefly describe the traditional Canny detector. The switching median filter is explained in Section 3. In Section 4, we indicate how to use the gradient magnitude histogram concavity analysis method to select the dual-threshold. In Section 5, Comparative experiments are carried out to compare the proposed detector with the LOG detector and traditional Canny detector. Finally, we summarize this paper and give our conclusions in Section 6.
Traditional Canny Edge Detector
Good edge detector should meet the signal-to-noise ratio criteria, the good localization criteria and the single edge criterion. Based on above three criteria, Canny proposed the optimal edge detector which consists of the following steps [11] Firstly, it uses the Gaussian filter to suppress noise. Secondly, it calculates the horizontal directional and vertical directional derivative through the first derivative operation; the gradient magnitude and direction are obtained from the following formulas: The traditional Canny edge detector achieves good detection results. However, this method has some drawbacks: Gaussian filter is used to restrain noise, but it can't remove the impulsive noise. The dual-threshold are set by experience, the traditional Canny detector usually gets high threshold from the gradient cumulative histogram, the ratio of strong edge points to total pixels is 0.3, when the noise density increases, some noise may be calculated as edge points, so this dual-threshold selection method is invalid.
Switching Median Filter
Impulsive noise has great impact on edge detection results. The traditional Canny detector uses Gaussian filter to suppress noise, but it can't remove all the impulsive noise. Zhang and Karim [15] proposed a switching median filter that uses four one-dimensional Laplacian operators to detect whether the pixel was noise, this switching median filter takes into account the continuity in edge direction, and therefore, it preserves more edge details and achieves good denoising results. We use this switching median filter to remove impulsive noise before Gaussian filtering. The denoising process of switching median filter is presented as follows [15] : The input image is convolved with four directional Laplacian operators which are shown as: Then find the minimum of four convolution absolute value ( , ) i j r , the formula is described as follows:
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where ( , ) i j p I K  denotes the pth convolution absolute value at the pixel ( , ) i j , the formula to determine whether current pixel is impulsive noise or not is defined as follows:
where T is a threshold value, [15] indicate that the value of T is set to 100, the switching median filter can achieve good denoising performance.
Dual-threshold Selection Based on Histogram Concavity Analysis
The traditional Canny detector uses dual-threshold to extract edge from non-maxima suppressed magnitude image, but the high threshold and low threshold are set by experience. Wang [18] proposed an improved Canny edge detector based on Otsu's threshold selection, Otsu's method is suitable for the histogram with obvious bimodal distribution. In fact, the gradient magnitude histogram usually exhibits unimodal distribution and has an evident peak in low gradient magnitude area. Rosenfeld and Torre [16] proposed an image threshold segmentation method based on histogram concavity analysis, we use this method to select the dual-threshold, and the selection process consists of the following steps [16] :
Step 1: The gradient magnitude is normalized to a range from 0 to 1. Calculate the image gradient magnitude histogram ( ) h i with 256 bins.
Step 2: Find the nonzero start point ( , ( )) obtain the convex hull of the gradient magnitude histogram.
Step 6: Calculate the histogram concavity ( ) c i which is defined as:
where ( ) h i denotes the convex hull of the gradient magnitude histogram, find the maximum of the concavity ( ) c i and return the corresponding magnitude index h T , h T is the high threshold which is used to extract the edges, the low threshold l T is equal to 0.4* h T .
Experiment Simulation and Analysis
We carry out experiments to compare the improved Canny detector with the LOG detector [10] and traditional Canny detector [11] . In the LOG detector, traditional Canny detector and proposed detector, the standard deviation of Gaussian filter is set to 1.The traditional Canny edge detector obtains the high threshold from the cumulative histogram; the ratio of strong edge points to total pixels is 0.3. The test images and their ground truth edge maps are available in [19] . Figure 1 shows the four original images. Figure  5 , it can be seen clearly that the some noise are detected as edges by the LOG detector and traditional Canny detector. The traditional Canny edge detector gets the high threshold from the gradient cumulative histogram, the ratio of strong edge points to total pixels is 0.3, when the noise density increase, some noise pixels may be calculated as edge points. Comparing (d) with (c), we conclude that the proposed method can automatically select the double-threshold. Figure 6 shows the histogram concavity analysis results for above four original test images. In this paper, the Pratt's figure of merit [20] is used to objectively evaluate the performance of proposed method, which is defined as:
where I N represents the number of actual edge points provided by the ground truth edge maps, D N denotes the number of detected edge points, i d is the smallest distance of the ith correctly detected edge pixel to the actual edge pixel,  is a edge scale factor and is set to 0.1. The figure of merit indicates the performance of edge detector. The greater the F, the better performance the edge detector. Figure 7 shows the figure of merit for LOG detector, traditional Canny detector and the proposed method on the four test images which are corrupted by salt and pepper noise of different density ranging from 0 to 90%. As shown in the Figure 7 , the figure of merit obtained by proposed method is higher than the other edge detectors in the most case. When the impulsive noise density increases, the F values of the other edge detectors decrease more quickly than the proposed method. The figure of merit obtained by the other edge detectors changed very little, when the impulsive noise density exceeded 30%. Figure 8 shows the figure of merit for the four test images corrupted by Gaussian noise of different SNR ranging from 1dB to 61dB. From Figure 8 (a)- Figure 8 (c), it can be seen that: the proposed method achieves higher figure of merit than the other edge detectors. When the noise density is high, the proposed method also gives better figure of merit than the other detectors. In the Figure 8(d) , the proposed method achieves good performance in strong noise environment. When the SNR exceeds 30dB, the traditional Canny sometimes gets higher F value than the proposed method.
Conclusions
Aiming at the drawbacks on the traditional Canny edge detection method, an adaptive Canny edge detector using histogram concavity analysis is proposed in this paper, it uses switching median filter to remove impulsive noise before Gaussian filtering and uses gradient magnitude histogram concavity analysis to automatically select the dual-threshold. The proposed method, compared with the traditional Canny detector, can efficiently remove impulsive noise and automatically select the dualthreshold. The proposed detector achieves better performance than the LOG detector, traditional Canny detector in strong noise environment. In the future, we will extend the proposed method for color images.
